The present work was aimed at clarifying the stress-shielding effect caused by hip-joint implantation into a femur by using a human cadaver with a cementless hip implant. In particular, bone quality was assessed from the standpoint of preferential c-axis orientation of biological apatite (BAp). Comparing the implanted side to the non-implanted side, a finite element analysis (FEA) indicated that artificial hip-joint implantation had a significant stress-shielding effect on the femur. The results also showed a marked decrease in the degree of preferential BAp orientation as well as bone loss in the medial-proximal femur. This is the first report showing a reduction in the degree of preferential BAp orientation due to a stress-shielding effect after artificial hip-joint implantation. Since preferential BAp orientation is an important index for determining bone mechanical function, these findings should be taken into account in future artificial hip-joint designs, especially those involving the stem component.
Introduction
Total hip replacement (THR) is an orthopedic surgical procedure to reconstruct a hip joint that has lost its function due to severe bone or joint disease, such as osteoarthritis or rheumatoid arthritis. The number of THR procedures performed worldwide has been increasing yearly, with 231,000 such operations taking place in 2006 in the United States. 1) However, artificial hip-joint implantation leads to bone resorption of the surrounding femur, reducing bone strength and leading to a high rate of fractures. 2) One of the evidences can be seen in the fact that in the United States, periprosthetic fractures are factors in 18.7% of artificial hipjoint recipients showing revisions to the femoral component.
3) Thus, implants that are intended to restore hip-joint function are themselves causing serious problems such as bone deterioration and loss of bone function. Bone loss due to stress-shielding effects is believed to be the main cause of such periprosthetic fractures. 4) The stress-shielding effect is a phenomenon in which in vivo applied stress bypasses the surrounding bone, resulting in a preferential load on to an implant with a high Young's modulus and an inhibition of the normal stress transfer to the surrounding bone. Artificial hip joints of varying materials, structural properties, and surface treatments have been investigated for their ability to reduce the stress-shielding effect.
2) Most of the works have used bone mass or bone mineral density (BMD) as indices of the stress-shielding effect.
Bone mechanical function is directly associated with bone fracture risk and is influenced by bone mass, BMD, and bone quality. 5) Bone quality refers to factors other than bone mass and BMD that contribute to bone mechanical function. However, most articles discussing the stress-shielding effect from implant implantation have not investigated the bone quality. This work therefore focused on the degree of preferential c-axis orientation of biological apatite (BAp) as a measure of bone quality. The mechanical function of bone tissue is determined by the degree of preferential orientation of BAp, 6) which is based on the anisotropic mechanical properties of BAp. 7) In addition, the degree of preferential c-axis orientation of BAp is established along the direction of principal stress loaded on the bone. 8) For example, in the cortical bone portion of the mandibles of monkeys and beagles, the c-axis of BAp is basically oriented uniaxially along the mesiodistal axis. However, in the vicinity of the teeth and dental roots that bear the load during mastication, the orientation sensitively changes toward the direction of mastication. 8, 9) Therefore, degree of preferential BAp orientation can be a useful evaluation index of the stressshielding effect caused by implant insertion. It can also be an important bone quality index for estimating bone mechanical function and fracture risk of the femur surrounding an artificial hip joint. It has been reported that insertion of a nail into the tibial marrow cavity of rabbits reduced the degree of preferential BAp orientation of the cortical bone of the tibia. 10) However, according to our knowledge, there has been no report of an actual clinical example describing the influence the stress-shielding effect of artificial hip-joint implantation has on the degree of BAp orientation in the surrounding femur.
Bone loss due to the stress-shielding effect has been reported to be site-dependent. Using the Gruen zones (see Fig. 1 ) as the standard, 11) bone loss at proximal sites, such as zones 1, 2, 6 and 7, has been reported to be greater than that at the other sites.
12,13) Among these, the medial-proximal
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Graduate Student, Osaka University +2 zones 7 and 6 (zone 7 is the more proximal) are important medial sites for fixing cementless artificial hip joints. 14) Therefore, adequate stress transfer at these sites could effectively prevent the stress-shielding effect. The medialproximal femur, to which the artificial hip joint made of titanium alloy is applied, is the most appropriate site for elucidating the influence of the stress-shielding effect on the degree of BAp orientation. This work investigated an artificial hip joint applied to the medial-proximal femur in a human cadaver. The stressshielding effect caused by artificial hip-joint implantation was estimated to determine its influence on bone mass and bone quality assessed by the degree of BAp orientation.
Materials and Methods

Bone samples
The right and left femurs from the human cadaver of an 80-year-old man (provided by the Osaka City University Hospital) were used. The samples were fixed in 10% neutralbuffered formalin to prevent infection and degeneration of organic material. The left femur had a metallic cementless artificial hip joint (VerSys μ HA/TCP FiberMetalTaper, Zimmer, USA), and there was no implant on the right femur. Thus, the left femur was the implant side and the right femur was the control side. The length of time the implant had been inserted was not made available for reasons of personal privacy.
The femoral stem and head components of the artificial hip joint were composed of Ti6Al4V alloy and CoCrMo alloy (Zimaloy), respectively. Surface treatment of the implant included the use of a titanium mesh on the proximal region to induce osteoconduction, hydroxyapatite (HAp) and tricalcium phosphate (TCP) coating on the medial region, and a mirror finish on the distal region.
As shown in Fig. 1 , a 10-mm section beginning immediately below the lesser trochanter on the distal side was excised with a micro cutter (BS-300CP; Exakt Apparatebeau, Norderstedt, Germany). The medial region of the block was used to analyze bone mass and the degree of BAp orientation. To analyze the BAp orientation, the cross-sectional surface of the medial region of the region immediately below the lesser trochanter was polished with emery paper up to 2,000 grit. The region immediately below the lesser trochanter was located at the border of Gruen zones 6 and 7.
Analysis of bone mass and bone quality
Based on the Gruen classification, 11) the femur was placed in a position equivalent to the supine position, and X-ray images were taken with a 400 kV tube voltage and a 100 mA tube current (X'sy, Shimadzu, Japan). BMD was also measured in the supine position using a dual-energy X-ray absorptiometer (DXA) (DCS-600EX, Hitachi Aloka Medical, Japan). Three-dimensional (3D) images of the analyzed region were obtained by micro-focus X-ray computed tomography (µCT) (SMX-100CT-SV3, Shimadzu, Japan) with a tube voltage of 70 kV and a tube current of 50 µA. Spatial resolution was set to 30.5 © 30.5 © 30.5 µm 3 . The 3D images were binarized by using software for the analysis of bone microstructure (3D-BON, RATOC, Japan), which was used to calculate the ratio of bone volume to total tissue volume (Bone Volume/Tissue Volume, BV/TV). To quantitatively evaluate the degree of BAp orientation, (002) and (310) diffraction peaks of BAp parallel to the longitudinal bone axis of the femur were obtained using a microbeam X-ray diffractometer (XRD) (D8 Discover with GADDS; Bruker AXS, Germany) with a reflective optical system and a Cu-K¡ line with a tube voltage of 45 kV and a tube current of 110 mA. The degree of BAp c-axis orientation was determined by calculating the (002)/(310) intensity ratio. The incident X-ray beam was focused to 100 µm in diameter by a monocapillary collimator, and the angle of incidence oscillated from 13 to 20 degrees. The measurement time was set to 1,800 s. Since a randomly oriented hydroxyapatite (HAp) powder shows an integrated intensity ratio of 0.6, an integrated intensity ratio greater than this non-orientation value suggests a preferential c-axis orientation parallel to the long axis of the femur. For measurements of the degree of BAp orientation, the medial cortical bone was divided into 3 regions in the direction of the thickness (from periosteal side to endosteal side: "Peri", "Mid" and "Endo"), and the average of 3 measurements from the central areas of each region was used as data. BV/TV was analyzed at 4 regions in the cortical ("Peri", "Mid" and "Endo") and trabecular bones (Trab) [see Fig. 1(b) ].
Stress simulation
To predict the stress-shielding effect after artificial hipjoint implantation, stress simulation was conducted using a finite element analysis (FEA). 3D bone models used for the stress simulation were prepared as follows. Tomographic images of the femur were obtained by using a medical CT system (ECLOS 4S, Hitachi Medico, Japan) with a tube voltage of 120 kV, a tube current of 150 mA, and a slice width of 1.25 mm. Each CT image was binarized, and the cortical bone was extracted using CT image analysis software (Mimics 11, Materialise, Belgium). A 3D model of the femur was constructed on the basis of the layered contour using 3D surface modeling software (Imageware 10, SIEMENS, USA). 15) For the implant model, images of the artificial hip-joint configuration were reproduced using 3D CAD software (SolidWorks 2006, SolidWorks, USA), and these images were combined with the femur model by matching them with soft X-ray radiographs taken in multiple directions. The 4 elements of the combined model were defined as the implant portion, cortical bone portion, trabecular bone portion, and bone marrow portion (Fig. 2) . FEA was performed using non-linear analysis software (MSC.Marc 2008, MSC Software, USA). Primary tetrahedral elements were used as the finite elements with 928,915 elements and 173,098 nodes. The loading conditions were based on the method proposed by Akay et al., 16) in which the force placed on a human hip joint while walking at 1 km/h is divided into 3 components. F1 is the force parallel to the femoral axis on the femoral head (1,850 N in the distal direction, 785 N from the medial direction, and 17.5 N from the anterior direction); F2 is the force parallel to the femoral axis on the greater trochanter (967 N in the proximal direction, 471 N from the lateral direction, and 144 N from the anterior direction). At the boundary of the implant, the titanium mesh was completely fixed to the bone, the implant surfaces were polished to ensure that no bone was attached to other bone-implant interfaces, and the surface of the femur model's inferior extremity was completely immobilized. 18, 19) were used. Maximum principal stress was quantified at regions where the BV/TV and BAp orientation were measured. For quantification data, 2-tailed Student's t-tests were used to compare mean values, and P < 0.05 was considered statistically significant.
Results
Figure 3(a) shows the maximum principal stress distribution in the femur cross-section immediately inferior to the lesser trochanter, as analyzed by FEA. Compressive principal stress parallel to the femoral axis was dominant in all regions. Figure 3(b) shows the maximum principal stress in the Peri, Mid and Endo regions of the medial part. Artificial hip-joint implantation significantly reduced applied stress values in all regions. The stress difference was particularly large in the Peri region, suggesting that this is the location of the marked stress-shielding effect. Figure 4 shows an X-ray radiograph in an anterior posterior projection. On the implant side, cortical bone radiopacity declined in the vicinity of the medial-proximal lesser trochanter, indicating the bone resorption. The BMD was 2.21 g/cm 2 on the control side and 1.87 g/cm 2 on the implant side, a reduction of approximately 15%. CT images are shown in Fig. 5(a) . The endosteal region of the cortical bone was markedly more porous on the implant side. Quantification of BV/TV of the cortical bone portion and the trabecular bone portion is shown in Fig. 5(b) , which shows a significant decrease in BV/TV in all regions except for the Peri region. Bone loss was particularly pronounced in the vicinity of the endosteum. As shown in Fig. 6 , the degree of BAp c-axis orientation along the longitudinal axis of the femur showed numerical values higher than 0.6 at all regions in both the left and right femurs, indicating that the preferential BAp orientation was parallel to the longitudinal direction of the femur. Values in the Peri region of the implant side were significantly lower than those in the control side, but there were no significant differences between the two sides in the Mid and Endo regions.
Discussion
This work examined the influence of the stress-shielding effect caused by artificial hip-joint implantation on bone mass and bone quality (preferential BAp orientation) of the surrounding femur. It was found that artificial hip-joint implantation caused a marked stress-shielding effect, resulting in significant bone loss and reduced bone quality in the femoral cortical bone. This article is the first to describe the influence of the stress-shielding effect on preferential BAp orientation.
The stress-shielding effect caused a remarkable progression of bone loss on the side of the femoral endosteum and led to change the cortical bone into the trabecular-like bone. There was no significant bone loss on the periosteal side (Fig. 5) . This is consistent with previous reports demonstrating that the femoral endosteal diameter enlarges after implantation of a cementless artificial hip joint, while the periosteal diameter remains unchanged. 20) This may be attributable to bone functional adaptation via osteonal remodeling in a stressshielding environment on the endosteal side. 21) As a result, the periosteal side ultimately remains intact. However, the degree of BAp orientation in the longitudinal direction was significantly reduced on the periosteal side (Fig. 6) . The degree of preferential BAp orientation is related to bone mechanical function, and reduced orientation is an important contributor to reduced bone mechanical function. 7, 22) In fact, Ni et al. 23) reported that the micro-hardness in the region proximal to the artificial hip joint is 20% lower than that on the non-implanted side. This may suggest that the change in the degree of BAp orientation is involved in this phenomenon. In other words, reduction in bone mechanical function and fracture risk in the femur after artificial hip-joint implantation were greater than the values predicted by considering bone loss alone, thereby suggesting that the reduced degree of BAp orientation on the periosteal side played a role in this deterioration in bone function.
Preferential BAp orientation varies depending on the direction or magnitude of the principal stress. 8) Accordingly, this suggests its functional adaptation is optimally mediated by external loads, similar to the scenario in the case of bone mass and bone density. In a non-stress environment after removal of the ulna mid-diaphysis of a rabbit, a significant reduction in the degree of BAp orientation in the remaining portion of the ulna was observed. 24) This suggests that stress shielding of the bone caused by an artificial hip joint is a critical factor not only in bone loss, but also in the degradation of bone quality.
Various types of artificial hip joints have been designed to reduce stress-shielding effect and prevent bone loss and reduced bone quality. The artificial hip joint, which made of titanium alloy, used in this work was proximally coated with titanium mesh 25) to promote osseointegration through bone in-growth, and to transfer stress between the stem and the bone. However, a large portion of the trabecular bone in the medial-proximal femur, which is ideally attached with the implant and plays an important role in stress transfer to the cortical bone, was lost in the implanted femur (Fig. 5) . This provides evidence that stress was not sufficiently transferred to the cortical bone, causing stress-shielding effect. Meanwhile, direct measurements of deformations using a cadaver 26) and FEA 14) have shown that a low Young's modulus of the material decreases stress-shielding effect to the surrounding femur. However, it is impossible to completely eliminate stress-shielding effects, even with a stem made of polymethylmethacrylate with a very low Young's modulus (1.9 GPa). 26) Therefore, in addition to conventional methods, it is important to develop new concepts in the design of artificial hip joints to prevent stress shielding. If, for example, the material and shape of implants can be optimized to actively transfer stress from the artificial hip joint to the bone through the effective use of functional adaptations, 27) it may be possible to produce artificial hip joints that do not cause stress shielding, reduce bone function, or lead to periprosthetic fractures.
In addition, making bone quality a standard for bone assessments could play in important role in implant design. Unlike bone mass and bone density, bone quality has not been taken into account in the design of artificial hip joints and evaluation of the stress-shielding effect. The effectiveness of various indicators of bone quality has been previously examined in the treatment of metabolic bone diseases such as osteoporosis and in the evaluation of bone mechanical function. 28) Among these, the preferential orientation of BAp has been shown to be an effective indicator of clinical conditions in bone diseases. 29) It has also been shown to be a promising material property index of cortical bone in the evaluation of the pharmacological efficacy of osteoporosis drugs in animal experiments. 30) We are currently investigating artificial-joint design using the degree of preferential orientation of BAp as an index.
Conclusions
This work analyzed the stress-shielding effect in the medial-proximal human femur implanted with a cementless artificial hip joint using parameters of bone mass and the degree of BAp c-axis orientation, which is closely related to bone mechanical function. The key findings are as follows:
(1) A marked stress-shielding effect was observed in the medial-proximal human femur after artificial hip-joint implantation. (2) The stress-shielding effect resulted in bone resorption and bone loss. Bone loss was especially pronounced in the trabecular bone between the femoral stem and the cortical bone, as well as in the vicinity of the endosteum of the cortical bone, but was not significant in the periosteal region of the cortical bone. Fig. 1(b) . The asterisks (**) indicate a P-value of P < 0.01. Fig. 1(b) . The asterisks (*) indicate a P-value of P < 0.05.
(3) The stress-shielding effect significantly decreased preferential BAp orientation in the periosteal region. Because these changes are based on the bone functional adaptation to a reduced stress, it is important to design artificial hip joints that actively promote stress loading onto the surrounding bone. This could help suppress the stress-shielding effect, thus preventing bone loss and the degradation of degree of BAp orientation.
